Biobased polyol was synthesized using 1-thioglycerol and limonene, an extract of orange peel, via thiol-ene chemistry as an alternative to petrochemical-based polyol for preparation of rigid polyurethane foams (RPFs). Fire-retardant polyurethane foams were prepared by addition of different amounts of dimethyl methyl phosphonate (DMMP) in the polyol. The effect of DMMP on the properties of RPFs was studied. All the biobased RPFs maintained a regular cell structure with uniform cell distribution and over 90% of closed cell. The RPFs showed excellent compressive strength of ~230 kPa without addition of DMMP. These RPFs almost retained their specific compressive strength even when 2 parts by weight (pbw) of DMMP was added but with significant improvement in fire retardancy. Horizontal burning test of RPFs containing only 2 pbw of DMMP showed reduction in burning time by ~83% compared to the neat sample. Weight loss during the burning test for the control sample was nearly 50% and this was reduced significantly by addition of 2 pbw of DMMP to merely 7%. TGA analysis indicated that the improved flame retardancy could be attributed to the release of DMMP at the temperature range of 100 °C to 250 °C.
INTRODUCTION
Polyurethane is a versatile material which can be used for various industrial applications in the form of rigid PU foams, flexible PU foams, thermoplastic, elastomer, coating and adhesive [1] [2] [3] [4] . Among them, rigid polyurethane foams have emerged as a prime candidate for thermal insulation and filling material in the construction industry due to their low thermal conductivity, high compressive strength and high closed-cell structure [5] [6] [7] . Polyurethane foams are prepared by reacting diisocyanates with compounds containing two or more hydroxyl groups (polyol) in the presence of blowing agent, catalyst and surfactant [8] . Currently, starting chemicals for polyurethane and many other polymers are obtained from petrochemical feedstock. However, environmental, political and economic issues have led scientists to search for alternative sources of raw materials. Recently, the use of plant-derived chemicals as starting materials for polymers has gained considerable attention due to their sustainable and renewable nature [9, 10] . In particular, chemicals derived from soybean oil, castor oil, starch and cellulose offer a wide variety of starting materials for the synthesis of polyols [11] [12] [13] [14] .
Limonene is another biobased material which can be used to synthesize polyols for the preparation of polyurethane foams [15] . Limonene is an extract of orange peel, a sustainable and renewable chemical generated from the residues from the citrus industry [16] . Limonene has been used for several other industries as a starting material for fragrances, flavors and pharmaceuticals [16, 17] . The monocyclic terpene structure of limonene offers several synthesis routes for polymerization. For example, low molecular weight polylimonene and copolymer of limonenemaleic anhydride have been previously synthesized utilizing Ziegler catalyst system and radical polymerization method, respectively [18, 19] . The presence of internal and external alkene functional groups in the terpene structure opens the thiol-ene synthesis route for limonene with thiol compound [20] . Janes et al. have synthesized the thiols of limonene, a-pinene, aand g-terpenine, terpinolene, 3-carene and pulegone by reacting them with hydrogen sulfide using thiolene reaction [21] . Marvel and Olson exploited thiolene reaction to prepare dithiol from thioacetic acid and limonene, later polymerizing it with limonene to obtain a copolymer [22] . There have been other applications of thiol-ene reaction to modify the properties of plant-derived materials such as improving the wear and friction resistance of the vegetable oils [23] [24] [25] , crosslinking and oligomerization of vegetable oil with polyfunctional thiols [26] [27] [28] [29] . Also, as a synthesis route to obtain renewable monomers from fatty acids for polyesters and polyanhydride [30] [31] [32] . Recently, our group photochemically grafted the 1-thioglycerol and glycerol-1-allylether onto alkene groups of limonene and limonene dimercaptan, respectively, to synthesize biobased polyols using thiol-ene reaction [15] . Subsequently, biobased polyols were used for the preparation of polyurethane foams. Physical and mechanical properties of the biobased polyurethanes were found to be comparable to polyurethanes from a commercial polyol.
The main disadvantage of the polyurethane is low flame retardancy due to the predominant presence of carbon, hydrogen and oxygen in its structure. The highly porous and combustible nature of polyurethane foams further facilitate the flame spread rate [33] . High flammability of polyurethane foams restricts some of its valuable applications [34] . Therefore, many studies have been conducted to improve the flameretardant properties of polyurethanes. For example, phosphorous-, nitrogen-, aluminum-and expandable graphite-containing compounds were used as flameretardant additives in polyurethane [35] [36] [37] [38] [39] [40] . Among them, phosphorous compounds were found to be effective additive flame retardant. In the present work, limonene-based polyol was synthesized and dimethyl methyl phosphonate (DMMP) was incorporated into it in order to enhance the flame-retardant properties of biobased rigid polyurethane foams (RPFs). Further, morphological, structural and mechanical properties of RPFs were characterized. The effect of DMMP as a flame retardant in biobased polyurethanes was studied.
EXPERIMENTAL

Materials
Limonene, 1-thioglycerol and 2-hydroxy-2-methylpropiophenone were obtained from Sigma-Aldrich for the synthesis of limonene polyol (LTG). Commercially available polyol, soybean oil-based X-210 (OH content of 210 mg KOH/g) was received from Cargill and sucrose-based polyether Jeffol SG-520 (OH content of 520 mg KOH/g) was received from Huntsman. Isocyanate, Rubinate M (polymeric methylenediphenyl diisocyanate, NCO content of 31%) was supplied from Huntsman. For the preparation of rigid polyurethane foams, catalysts DABCO T-12 and NIAX A-1 were purchased from Air Products and OSi Specialties, respectively. Silicone surfactant (Tegostab B-8404) was purchased from Evonik. Distilled water was employed as the blowing agent. Dimethyl methyl phosphonate from Sigma-Aldrich was used as the additive flame retardant.
Synthesis of Limonene Polyol
One-step thiol-ene chemistry was used for the synthesis of polyol based on limonene and 1-thioglycerol. In typical synthesis, 23.8 g of limonene was added into 37.8 g of 1-thioglycerol (1:2 molar ratio of limonene to 1-thioglycerol). The thiol-ene reaction was carried out at room temperature for 8 h under 365 nm ultraviolet radiation in the presence of 1.5 g of 2-hydroxy-2-methyl propiophenone as the photoinitiator. The reaction was carried out under constant stirring using magnetic stirrer at 300 rpm.
Characterization of Limonene Polyol
The synthesized polyol was characterized using various techniques. The phthalic anhydride/pyridine (PAP) method (ASTM-D 4274) was used to determine the hydroxyl number of the polyol. Gel permeation chromatography (GPC) was performed using a system by Waters (Milford, MA, USA). GPC was composed of four 300 × 7.8 mm phenogel 5 μ columns with different pore sizes of 50, 102, 103 and 104 Å. Eluent solvent was tetrahydrofuran (THF) and eluent rate was 1 ml/ min at 30 °C. The FT-IR spectrum of the polyol was recorded using a Shimadzu IR Affinity-1 spectrophotometer at room temperature. Viscosity was measured by using an AR 2000 dynamic stress rheometer (TA Instruments, USA) at 25 °C with shear stress increasing from 1 to 2000 Pa linearly. The rheometer was equipped with a cone plate having an angle between 2° and a cone diameter of 25 mm.
Preparation of Rigid Polyurethane Foams (RPFs)
Rigid polyurethane foams were prepared using limonene polyol, commercial polyols (X-210 & SG-520) 
where w i , w p , w pc and w water are the weights of isocyanate, limonene polyol, commercial polyol and water, respectively; Ew i , Ew p and Ew pc are the equivalent weights of isocyanate, limonene polyol and commercial polyol, respectively; and Ew water = 9, which is the hydroxyl equivalent weight of water. RPFs were prepared according to the following procedure. Polyol, catalysts, surfactant, blowing agent and fire retardant (DMMP) were mixed thoroughly to obtain a homogenized mixture using a high speed (6,000 rpm) mechanical stirrer. The effect of DMMP loading was studied by adding 0, 2, 4, and 6 parts by weight (pbw) to polyol. The detailed formulations are given in Table 1 . After thorough mixing, isocyanate was added and the mixture was again stirred for several seconds. Finally, the mixture was allowed to rise at room temperature. Foams were kept at room temperature for 7 days to complete the curing process.
Characterization of Rigid Polyurethane Foams
Physical properties, fire-retardant characteristics and morphology of RPFs were determined by the following standard procedures. The apparent density of foams was determined according to the standard test method for apparent density of rigid cellular plastics (ASTM D 1622). Closed-cell content of the foams was determined according to ASTM 2856 standard method by using Ultrapycnometer, Ultrafoam 1000. Cylindrical shape specimens of 45 mm × 30 mm ( dimeter × height) were used for both density and closed-cell content calculations. The compressive strength at 10% strain was measured according to ASTM 1621 standard method for all the RPF samples by using a Q-Test 2-tensile machine (MTS, USA). The specimen sizes were 50 mm × 50 mm × 25 mm (length × width × height). Compressive force applied was parallel to the direction of the foam rise with a strain rate of 30 mm/min. Microstructure and morphology of the foams were observed using a Phenom G2 Pro scanning electron microscope (Netherlands). Before imaging, rectangular shape samples were cut with a sharp blade and attached with conductive carbon tape. Samples were gold sputtered to avoid the charging effect during imaging. Thermal stability of RPFs was studied using thermogravimetric analysis (TGA) on a TA instrument (TGA Q500). Heating was carried out under nitrogen at a rate of 10 °C/min. Dynamic mechanical analysis (DMA) was performed on a TA instrument (TA 2980) which was operated on tension mode on a rectangular shape specimen (15 mm × 6 mm × 2 mm). Heating rate and mechanical vibration frequency were set as 3 °C/min and 10 Hz (amplitude: 15 μm), respectively. Fire-retardant properties of RPFs were studied according to the test method for horizontal burning characteristics of cellular polymeric materials (ASTM D 4986-98). Specimens of 150 mm × 50 mm × 12.5 mm were exposed to flame for 10 s. Burn time and weight difference (before and after the burn) were observed. 
Synthesis of Limonene Polyol
The infrared spectra of the synthesized limonene polyol and its starting materials are shown in Figure 1 . The appearance of a broad peak around 3400 cm -1 in limonene polyol indicates the presence of alcohol (-OH stretching) group. This indicates the reaction between 1-thioglycerol and limonene. The peak around 2550 cm -1 is the characteristic peak of S-H stretching of 1-thioglycerol. The disappearance of this peak in the FT-IR spectrum of the limonene polyol suggests that the reaction has been carried out. In addition, alkene group (C=C stretching) around 1700 cm -1 in limonene has disappeared in the synthesized polyol. This further confirms the completion of the free radical initiated reaction between thiol and alkene groups of 1-thioglycerol and limonene, respectively, as shown in Figure 2 . The thiol-ene reaction presented a single-step, cost-effective chemical route to hydroxy functionalize the limonene for the synthesis of polyols, compared to the tedious synthesis processes and expensive catalyst involved with the previously reported chemical route for the synthesis of polyol from plant materials [41] .
Characteristics of Limonene Polyols
The hydroxyl number and viscosity of the limonene polyol were determined to be 569 mg KOH/g and 12 Pa.s, respectively. The GPC curves of limonene-based polyol and its starting materials (limonene and 1-thioglycerol) are shown in Figure 3 . Overlay of the GPC curves further confirms that the majority of the limonene and 1-thioglycerol has been reacted to form limonene polyol. It can be seen in the GPC curve of the polyol that there is only a negligible amount of 1-thioglycerol residue. This suggests that the thiol-ene chemistry between limonene and 1-thioglycerol can be utilized successfully to synthesize the limonene polyol. Two peaks in the GPC curve for the synthesized limonene polyol at 35.5 min and 36.9 min retention times were observed. These correspond to the two different types of molecular species in the synthesized polyol. Retention peak at 35.5 min represents the higher molecular weight polyol species due to the addition of 1-thioglycerol to both the internal and terminal double bond of the limonene. Retention peak at 36.9 min might be the monoaddition of 1-thioglycerol to terminal double bond as a result of the reactivity difference in exocyclic and endocyclic unsaturation of the limonene [42] . Figure 4a ,b shows the effect of DMMP concentration on the density of RPFs prepared using LTG-X 210 and LTG-SG 520 (50:50 w/w). It is observed that the density of the RPFs decrease with the increase in DMMP amount. For example, for RPFs prepared using LTG-X 210 the density decreases approximately by 10 kg/m 3 with increasing concentration of DMMP from 0 pbw to 6 pbw,. Similar behavior was observed for the RPFs prepared using LTG-SG 520. Figure 4c compares the densities of RPFs containing 2 pbw of DMMP prepared using LTG (2pbwL), X 210 (2pbwX), SG 520 (2pbwS) and their 50/50 blends (2pbwL/X, 2pbwL/S). Densities of all the foams were around 35 kg/m 3 , which comply with the densities of the typical industrial RPFs (20-50 kg/m 3 ) [43] . Closed-cell content (CCC) is another important property of RPFs that should be considered. The CCC of all the polyurethane foams based on limonene and commercial polyol blends was above 90% even for the higher concentration DMMP (Figure 5a,b) . This suggests that the RPFs prepared using limonene polyol blends may serve as a better thermal insulator due to the higher CCC percentage which restricts the airflow through the foams. Figure 5c compares the CCC of RPFs containing 2 pbw of DMMP prepared using LTG (2pbwL), X 210 (2pbwX), SG 520 (2pbwS) and their 50/50 blends (2pbwL/X, 2pbwL/S). As observed, the CCC of all the foams was above 90%. The comparable CCC for the RPFs with and without DMMP suggests that addition of DMMP does not disturb the foaming process. The closed-cell content of our prepared polyurethane foams was higher than those made using polyether polyol for flame-retardant polyurethanes [44] .
Properties of Rigid Polyurethane Foams
The effect of the variation in density on compressive strength was eliminated by calculating the specific compressive strength (compressive strength/ density) for all the foams, as presented in Figure 6 . The compressive strength of the RPFs synthesized using limonene polyol is comparable to the compressive strength of polyurethanes prepared using commercial polyether-based polyol [45] . The highest compressive strengths of 233 and 226 kPa were observed for neat (without DMMP) polyurethane foams 0pbw-L/X and 0pbw-L/S, respectively. In contrast, the specific strength of 0pbw-L/S was 4% higher than that of 0pbw-L/X. The higher specific compressive strength of the L/S blends was due to the superior hydroxyl numbers of the SG-520 polyol which provide a maximum crosslinking density to the polyurethane network [46] . Specific compressive strength of RPFs seems to not be affected by the addition of low concentration of DMMP. For example, the specific compressive strength of both 0pbw-L/X and 0pbw-L/S RPFs was reduced by approximately 5% when 2 pbw of DMMP was added. However, the continuous addition of DMMP from 2 pbw to 6 pbw, significantly reduced the specific compressive strength (nearly by 30% in both types of RPFs). Decrease of the mechanical properties can be attributed to the release of lower molecular weight acidic substances released due to the reaction between polyether polyol and DMMP. As a result, concentration of plasticizer increases and this influences the change in properties [47] . It is further noted that RPFs based on limonene polyol have similar compressive strength to the commercial polyolbased RPFs (Figure 6c ). However, when they are blended with commercial polyol, RPFs showed further enhancement in the compressive strength. The microstructure and cell size distribution of the RPFs were studied using scanning electron microscopy (SEM). The SEM images of the polyurethane foams are shown in Figure 7 . As seen in the SEM images, all the polyurethane foams had a polygon-shaped closed-cell structure which is in good agreement with the above 90% closed-cell content measured from the gas pycnometer. Shape of the cell structure and cell size were uniformly distributed across the foams. Comparison of the SEM images of RPFs without DMMP (Figure 7a ,e) and RPFs with DMMP (Figure 7b-d; 7f-h ) revealed that average cell size increased with the incorporation of fire retardant. For example, the average cell size of the polyurethane foams 0pbw-L/X, 2pbw-L/X, 4pbw-L/X and 6pbw-L/X was observed as 100, 150, 150 and 175 μm, respectively. On the other hand, the foams 0pbw-L/S, 2pbw-L/S, 4pbw-L/S and 6pbw-L/S showed cell size of about 30, 150, 160 and 170 μm, respectively. This increase in cell size with the addition of flame retardant might be attributed to the plasticizing effect of DMMP.
Storage modulus and glass transition temperatures (T g ) of RPFs were determined using dynamical mechanical analysis (Figure 8 ). The maximum of tan delta was reported as the glass transition temperature of the RPFs. The T g of the L/X and L/S blends was around 228 °C and 242 °C, respectively. The T g is affected by the crosslinking density. An increase in crosslinking density increases the T g ; therefore, higher T g was observed for the L/S blends. Thermal stability of pure RPFs and DMMP containing RPFs were analyzed and illustrated in Figure 9 . According to the TGA and DTGA curves, there are two and three thermal transitions in pure RPFs and DMMP containing RPFs, respectively. This suggests that the incorporation of flame retardant has changed the thermal stability of polyurethane foams. The first transition peak for all the DMMP-containing samples appeared in the temperature range of 100 °C to 250 °C. On the other hand, pure RPFs without DMMP did not show any significant change in weight in a similar temperature range. This weight loss in flame retardant containing RPFs can be attributed to the volatilization of DMMP [48] . It is also observed that increase of DMMP percentage increased the initial weight loss in flame-retardant polyurethane foams. For example, an increase of the DMMP quantity in RPFs from 2 pbw to 6 pbw, increased the weight loss by 8% in both L/X and L/S samples. The main degradation phase in RPFs was observed between 250-400 °C. Significant weight loss (around 50% and 65% for sample L/X and L/S, respectively) in this temperature range might be due to the depolymerization of polyisocyanates and polyols after the cleavage of polyurethane main chain. As a result, some combustible gas products are generated [49] . Thermal stability of RPFs can be correlated to the burning test results, as shown in Figure 10a -c. Neat RPFs continued to burn for 110 s after the removal of the ignition source. However, RPFs with DMMP stopped burning after 19 s (Figure 10a,b) . This enhanced flame-retardant property of DMMP can be explained as follows. Under heating, DMMP releases the phosphorous-containing compound into the gaseous phase. These phosphorous compounds quench the combustible products released during the decomposition of polyurethane foams [44] . In addition, the formation of char layer also helps to prevent further burring. The flame-retardant mechanism of DMMP is further illustrated in Figure 11 . An increase of DMMP quantity from 2 pbw to 6 pbw decreases the burning time by 5 s, which is due to the release of higher amounts of phosphorus compound into the gaseous phase. Weight loss during the burning was also recorded and shown in Figure 10d different types of polyurethane compounds. The digital photographs of the polyurethane foams after the burring test are shown in Figure 12 . As seen in the images, the addition of DMMP significantly reduces the burning of the polyurethane foams.
CONCLUSION
Limonene, an extract of orange peel, was reacted with 1-thioglecyrol using photochemically activated properties. However, addition of DMMP reduces the mechanical properties of the prepared foams. It was found that 2 pbw of DMMP was the optimum quantity of fire retardant, which exhibited balanced fire resistance and mechanical properties for the considered polyurethane foam matrix. Analysis of thermal stability and burning behavior of RPFs indicated that the decomposition products of DMMP may retard the combustion of polyurethane in gaseous phase. Our study suggests that limonene polyol can be used for the preparation of rigid polyurethane foams. Addition of a small amount of DMMP in RPFs significantly reduced the fire hazard. Figure 12 Digital photographs of the foam after burning test.
